A number of hydroxamic acid derivatives which inhibit human histone deacetylases were investigated for efficacy against cultured bloodstream form Trypanosoma brucei. Three out of the four classes tested displayed significant activity. The majority of compounds blocked parasite growth in the submicromolar range. The most potent was a member of the sulphonepiperazine series with an IC 50 of 34 nM. These results identify lead compounds with potential for the development of a novel class of trypanocidal agent.
animals these parasites also cause nagana, a disease which has a major impact on agricultural output throughout sub-Saharan Africa. T. brucei is an extracellular parasite that avoids immune destruction by a complex process of antigenic variation. This is mediated by periodic switching of the single variant surface glycoprotein (VSG) that covers the parasite cell surface to another antigenically distinct type, encoded by the large repertoire of VSG genes. 4 As a consequence, vaccines are not a realistic option. Drug development is therefore of major importance, and is a WHO priority. Existing therapies for HAT are unsatisfactory for reasons that include severe toxic side effects, increasing resistance, the need for hospitalisation during administration and cost. 5, 6 In the absence of treatment, late stage disease is almost invariably fatal. 5 Histone modifications play a central role in transcription, chromatin assembly, replication, DNA repair and other regulatory processes central to chromosome biology. For example, coupled acetylation/deacetylation reactions, carried out by histone acetyltransferases and histone deacetylases (HDAC), respectively, are widespread within eukaryotes and act as regulators of numerous cellular events. 7, 8 Aberrant HDAC activity has been associated with a number of different diseases and enzyme inhibitors have broad therapeutic potential. 9, 10 This is particularly the case with cancer, where anti-proliferative effects can result from induction of cell cycle arrest and apoptosis. 11 In T. brucei, there are four putative non-sirtuin HDAC isoforms, of which two (DAC1 and DAC3) are essential in bloodstream form parasites 12 and play distinct roles in the telomeric silencing of non-expressed VSG genes. 13 Evidence also suggests a role for histone acetylation in epigenetic regulation of RNA polymerase II polycistronic transcription. 14 Previous studies have demonstrated that inhibitors of HDAC can have significant anti-malarial and anti-leishmanial properties, [15] [16] [17] in addition to activity against a range of other parasites. For instance, the HDAC inhibitor Trichostatin A suppresses growth of bloodstream form T. brucei, 18 and is an inhibitor of DAC1 and DAC3 activity. 13 Here, we report the efficient growth inhibition of cultured bloodstream form T. brucei using a series of inhibitors of human HDACs.
A representative set of HDAC inhibitors was selected by screening our large compound library. These compounds were originally prepared as part of a programme to identify HDAC inhibitors with anti-cancer properties. This resulted in the discovery of the drug candidate Belinostat Ò , currently in phase III clinical trials. The selected compounds were all hydroxamic acid derivatives, a common structural feature of HDAC inhibitors due to the high affinity of this group for the Zn(II) ion in the metalloenzyme. Four hydroxamic acid compound subclasses, belonging to separate patent series, 19- 22 the sulphoneamides, sulphonepiperazines, long chain amides and a heterocyclic series, were chosen for screening against trypanosomes.
Compounds 1-8, 10-15 and 17-19, which are hydroxamic acids with a sulphoneamide or sulphonepiperazine linker in the molecule, were prepared according to previously described procedures. 19, 20 Briefly, they were synthesized from the corresponding sulphonyl chloride and amide or piperazine, followed by the transformation of the methyl ester to the desired hydroxamic acid (Scheme 1, Table 1 ). Hydroxamic acid derivatives with a long chain amide linker, compounds 21-26, were synthesized by amide coupling between the methyl 6-aminohexanoate and the respective acid, followed by transformation of the ester to the corresponding Table 1 ). 21, 23 Finally, the heterocyclic hydroxamic acids 9, 16, 20, were similarly prepared using published procedures. 22 The compounds from the different structural subclasses were all active as HDAC inhibitors, measured in an assay of enzymes in HeLa cell lysates. 23, 24 HeLa cells express multiple HDACs, including HDAC 1, 2, 3, 4, and 8. [25] [26] [27] The compounds showed broad selectivity, with submicromolar activities (Table 1) . To further characterise the compounds with respect to HDAC selectivity, we determined their inhibitory properties against recombinant expressed human HDACs (rhHDAC 1-4, 6-9). 28 These assays showed that the compounds had a broad and potent inhibitory activity towards these enzymes which belong to the different HDAC subclasses (class I, HDAC 1, 2, 3, 8; class IIA, HDAC 4, 7, 9; class IIB, HDAC 6) ( Table 2) . When we investigated the potency of the inhibitors against cultured bloodstream form Trypanosoma brucei (strain 427), 29, 30 we found that three out of the four subclasses had significant activity, with growth inhibition occurring in the submicromolar range (Table 1, Fig. 1 ). The most active compounds were the sulphonepiperazines, particularly those with an aromatic substitution attached to the piperazine moiety. Compounds 1-4, 6, 7, and 10-12 are examples of the closely related analogues which exhibit similar levels of potent activity (IC 50 0.034-0.20 lM, Table   1 ). Treatment of parasites with micromolar levels of these inhibitors could result in cell death within 4 h ( Fig. 1) . In this sulphonepiperazine series, the close SAR suggests that further modification of the scaffold could enhance the trypanocidal properties. The sulphoneamide analogues 5, 8, 15, 17-19 also displayed significant potency against bloodstream form parasites (IC 50 0.14-0.93 lM, Table 1 The heterocyclic compounds 9 and 16, which are close quinoline analogues, displayed similar trypanocidal properties (Table  1) . However compound 20, a benzoxazole, thus structurally distinct from the other two heterocycles was 5-to 10-fold less active. The amide series, which contains a C5 carbon linker (compounds 21-26), did not show activity against T. brucei (up to 10 lM, Table   1 ), despite being very potent inhibitors of HeLa cell HDACs. Comparison of the trypanosome inhibitory properties of compounds 1-20, which have an aromatic group attached close to the hydroxamic acid, with those of the inactive amide series (compounds 21-26), suggests that structural differences between human and T. brucei target enzymes may influence the efficiency of inhibitor binding. Importantly, the selectivity implies that the trypanocidal activity results from specific interaction(s), rather than from general metal ion chelating properties. Therefore, the disparity in activity profiles of these compounds against human and parasite cells could be due, at least in part, to their differential abilities to inhibit the corresponding HDACs, or other metalloproteins. Interestingly, the two essential T. brucei HDACs (DAC 1 and 3) are divergent, relative to their mammalian counterparts, as are their histone substrates. The major differences lie in the amino and carboxyl extensions beyond the more conserved catalytic core. There is also a large (174 amino acid) insert within the core of the class II enzyme, DAC3. 12 The structures of these enzymes have yet to be determined. However, HDAC inhibitors typically function through chelation of the active site zinc ion, and the DAC3 insert, as well as the other differences, may have an impact on access to the active site pocket for both substrates and inhibitors. It is notable here that highly specific selective inhibitors have been identified for human HDACs 31, 32 and the differences between the human and T. brucei enzymes might also be exploited for the development of trypanosome selective inhibitors.
In conclusion, by screening a library of compounds produced for anti-cancer studies, we have identified leads with potential for treating African trypanosomiasis. These data provide a platform for the definitive identification of the target enzyme(s) within the parasite and the informed design of more potent compounds with optimised pharmacokinetic properties.
